Deinococcus radiodurans exhibits an extraordinary resistance to the effects of exposure to ionizing radiation (IR). DdrB is one of five proteins induced to high levels in Deinococcus following extreme IR exposure and that play a demonstrable role in genome reconstitution. Although homology is limited, DdrB is a bacterial single-stranded DNA-binding protein. DdrB features a stable core with a putative OB-fold, and a C-terminal segment with properties consistent with other bacterial SSBs. In solution, the protein functions as a pentamer. The protein binds single-stranded DNA but not duplex DNA. Electron microscopy and assays with two RecA proteins provide further structural and functional identification with bacterial SSB. Overall, the results establish DdrB as the prototype of a new bacterial SSB family. Given the role of SSB as a mobilization scaffold for many processes in DNA metabolism, the induction of an alternative and quite novel SSB following irradiation has potentially broad significance for the organization of genome reconstitution functions.
When first discovered in the 1950s, the bacterium Deinococcus radiodurans surprised biologists with its extraordinary capacity to survive the effects of ionizing radiation (IR) 2 (1, 2). Whereas 2 Gray (Gy) represents a lethal dose of ionizing radiation for a human, and a few hundred Gy will kill most bacteria, Deinococcus can survive a dose of 5000 Gy with no lethality. Several dozen bacterial species are now known that display similar extreme resistance to ionizing radiation (2) . However, Deinococcus remains the beneficiary of most research to date.
Published evidence argues that both passive and active mechanisms protect D. radiodurans from ionizing radiationinduced DNA damage. Several proposals have been put forward. Radiation resistance might involve the highly condensed and toroidal form of the Deinococcus nucleoid (3, 4) . However, a broader survey of radiation-resistant bacterial species did not find a good correlation between radiation resistance and nucleoid structure (5) . Radioresistance correlates with the cell's capacity to limit protein oxidation (6 -8) . D. radiodurans and other radioresistant species have been shown to have high ratios of intracellular manganese relative to iron ions, and the elevated ratio correlates with lower levels of protein oxidation post-irradiation, with the higher levels of manganese ion acting as a scavenger of oxygen radicals generated during irradiation (6 -8) . Specialized or enhanced mechanisms of DNA repair may also play a role in IR resistance.
After exposure to high levels of ␥ radiation, genome repair in Deinococcus proceeds in two phases. The first phase is independent of the key recombinational protein RecA. Repair in phase 1 does rely on DNA polymerase A (9), a homolog of the Escherichia coli DNA polymerase I. Knockouts of the gene encoding DrPolA render the cell very sensitive to ionizing radiation, more than almost any alteration besides a recA gene inactivation. A repair pathway has been proposed for phase 1 by Radman and colleagues (9) , called extended synthesis-dependent strand annealing. Much of this first phase involves the nuclease-mediated exposure of long single strand extensions at the end of chromosomal fragments, and bringing multiple fragments together by means of simple annealing of the single strands. Replication and ligation processes play a major role in generating ever larger chromosomal constructs. This first phase makes use of a number of novel proteins that are induced to high levels by exposure to large doses of ionizing radiation. The second phase of genome reconstitution follows closely and relies on RecA.
The proteins induced in Deinococcus upon exposure to IR have been studied using microarray-based transcriptome analyses (10, 11) . Five novel proteins, called DdrA, DdrB, DdrC, DdrD, and PprA, stand out in this analysis. All are induced to high levels, and all possess a documented role in genome reconstitution (10, 11) . The ddrA gene encodes a distant homologue of the eukaryotic Rad52 protein (12, 13) . The DdrA protein binds to the 3Ј-ends of single DNA strands and protects them from nuclease degradation (12, 13) . The PprA protein is a distant homologue of the human XRCC5 protein. PprA binds to the ends of duplex DNA and stimulates DNA ligation (14) . No function has been assigned to the DdrB, DdrC, and DdrD proteins, and careful searches of protein and gene databases provide no clues. All appear to function in a RecA-independent process (11) , making them likely participants in the first phase of Deinococcus genome reconstitution.
Single-stranded DNA-binding proteins are key components of any process in DNA metabolism. Bacterial SSB proteins interact, through their highly conserved C termini, with a multitude of proteins that function in DNA metabolism (15, 16) . The SSB proteins effectively act as scaffolds upon which processes in DNA metabolism are organized. In the present study, we focus on the DdrB protein. We report that DdrB is an alternative SSB protein, part of a new bacterial SSB family.
EXPERIMENTAL PROCEDURES
Enzymes and Biochemicals-Restriction endonucleases were purchased from New England Biolabs. Unless specified, other enzymes and chemicals were obtained from Fisher Scientific.
Sequence Analysis Programs-Sequences were retrieved from the GenBank TM data base and aligned using the ClustalW algorithm (17) through the JALview 2.4 alignment editor (18) .
Expression and Purification of Native DdrB-The gene coding for the DR0070 protein, as indicated in GenBank TM , was amplified by PCR using primers 0070us and 0070ds from D. radiodurans R1 genomic DNA. The resulting product was inserted into the NdeI and the HindIII cloning sites of pET21a (Novagen) to yield construct pEAW296. The construct was transformed into four E. coli expression strains: STL2669 pT7pol26 (⌬(recA-srlR)306::Tn10 xonA2(sbcB-), a gift from Susan T. Lovett (Brandeis University, Waltham, MA)); pT7pol26, described in Lusetti et al. (22) ; BL21 (DE3) (Stratagene) and EAW68 (an E. coli K-12 strain in which seven nuclease genes have been altered by addition of His tags) 3 ; and Rosetta strain (Novagen). Detectable expression was observed only with the Rosetta strain. This expressed protein was purified and characterized. 4 Mass spectrometry analysis (time of flight mass spectrometry ESϩ performed at the University of Wisconsin Biotechnology Center, Madison) of the protein indicated it corresponded to an N-terminal 11-amino acid DdrB truncation product. The corresponding sequence of that truncation product was PCR amplified from pEAW296, using primers 0070⌬N11 and 0070ds, and inserted into the NdeI and the HindIII cloning sites of pET21a to yield construct pEAW571. It is of note that the corresponding protein does not contain any cysteine or internal methionine, and therefore the purification procedure does not incorporate the use of a reducing agent (i.e. dithiothreitol or ␤-mercaptoethanol). Construct pEAW571 was transformed into Rosetta strain. These cells were grown in 10 liters of LB broth containing 100 g/ml ampicillin at 37°C to an A 600 nm of 0.5. Overexpression of DdrB was then induced with 0.4 mM isopropyl 1-thio-␤-D-galactopyranoside (GoldBio) and grown at 37°C for 3 more h before harvest. The 18-g cell pellet was frozen in liquid nitrogen and thawed overnight at 4°C in 5 volumes of R buffer (20 mM Tris-Cl, 80% cations, 100 M EDTA, and 10% w/v glycerol). All subsequent steps were performed at 4°C. Lyzozyme (Sigma) was added to a final concentration of 0.2 mg/ml. Cells were stirred for 2 h and then sonicated on ice. Insoluble material and cell debris were pelleted and removed by centrifugation at 38,000 ϫ g for 1 h, and the cell lysate supernatant was brought to 30% saturation of NH 4 (SO 4 ) 2 (MP Biochemical) by addition of solid powder. The solution was stirred 1 h and centrifuged 30 min at 25,000 ϫ g. The pellet was discarded, and the remaining supernatant was brought to 40% saturation by additional NH 4 (SO 4 ) 2 . The solution was stirred overnight and centrifuged 1 h at 25,000 ϫ g. The DdrB protein remained in the pellet and was eluted from the pellet using R buffer containing 1 M NH 4 (SO 4 ) 2 . The resuspended protein was then loaded onto a butyl-Sepharose (Amersham Biosciences) column (bed volume equivalent to volume used to resuspend the cell pellet) using an AKTA fast-protein liquid chromatography system. The DdrB protein binds to the Butyl resin, but the column was quickly saturated and most of the DdrB protein was recovered from the late flow through with an estimated 90% purity. The protein solution was then dialyzed against R buffer and loaded onto a DEAE-Sepharose (Amersham Biosciences) column. Unexpectedly, the DdrB protein bound to the resin despite an estimated pI of 8.9. The protein was eluted over a 10-column volume gradient going from R buffer to R buffer containing 1 M KCl. DdrB completed elution before the KCl concentration reached 200 mM. The protein was again dialyzed against R buffer, loaded onto an SP-Sepharose (Amersham Biosciences) column, and eluted over a 10-column volume gradient going from R buffer to R buffer containing 1 M KCl. The DdrB protein again was fully eluted before the buffer reached 200 mM KCl. Fractions containing Ͼ99% pure protein (as estimated from SDS-PAGE) were pooled, dialyzed against R buffer, aliquoted, snap frozen in liquid nitrogen, and stored at Ϫ80°C. The purified protein was free of any detectable nuclease activity.
Extinction Coefficient Determination-The native extinction coefficient for DdrB was determined as described in a previous study (19) . Three determinations at three different concentrations of DdrB gave an average extinction coefficient of
Western Blot-Wild-type (strain R1) and ⌬ddrB (strain TNK102 (11)) D. radiodurans cells were grown in TGY2ϫ medium (described in Ref. 20) to an A 600 nm of 1.5 and pelleted. Half of the cells were then irradiated on ice for 540 min at 7.4 Gy/min (total dose of 4000 Gy) in a Mark I (J. L. Shepherd) 137 CsCl irradiator. The other half was left on ice next to the irradiator. The cell were then allowed to recover for 3 h in fresh TGY2ϫ medium, pelleted again, and frozen at Ϫ80°C until use. Cells were lysed by addition of 1 volume of Laemmli cracking buffer and boiling for 5 min at 100°C and loaded onto two 17% SDS-PAGE gels. The two gels were run together at 200 V for 2 h. One of the gels was stained with Coomassie Brilliant Blue R250, and the other one was transferred onto an Immobilon polyvinylidene difluoride membrane (Millipore) using standard procedures. The membrane was blocked with phosphate-buffered saline-Tween containing 5% milk and incubated 2 h at 21°C with a chicken anti-DdrB polyclonal IgY antibody (GeneTel Laboratories, LLC, Madison, WI). After extensive washes in phosphate-buffered saline-Tween, the membrane was incubated with rabbit anti-chicken IgG coupled with horseradish peroxidase (Sigma), washed again, and revealed using a SuperSignal West Pico kit (Thermo Scientific).
Analytical Ultracentrifugation-To prepare samples for sedimentation equilibrium 100 l of frozen stock DdrB was dialyzed four times for 2 h against 20 mM Tris-Cl, 80% cation (pH ϳ 7.8), 100 mM KCl at 4°C. The protein concentration of the resulting sample was 154 M. The final dialysate was used to dilute aliquots of this stock to concentrations of 24.12 M, 11.99 M ,and 5.85 M. 100 l of each sample was placed in 12-mm double-sector charcoal-filled Epon centerpieces with ϳ110 l of the final dialysate as reference. Centrifugation was performed at 25°C in a Beckman model XL-A analytical ultracentrifuge. The protein gradients were recorded every 2-3 h until they became superimposable. Equilibrium data were recorded at 279 nm for speeds of 3,600, 6,300, 8,700, 12,000, and 18,000 rpm in that sequence. Non-sedimenting absorbance in each sample was determined by high speed (36000 rpm) depletion at the end of the run and was Ͻ0.014 for all samples. The dialysate density at 25°C was calculated as 1.00243. The partial specific volume was calculated from DdrB composition as 0.728 ml/g. The data from the three samples at five speeds were globally tested against models of a single and two species. Programs for analysis were written in Igor Pro (Wavemetrics Inc.) by Darrell R.
McCaslin.
Native Molecular Weight Determination by Gel FiltrationDdrB native molecular weight was approximated by gel filtration fast-protein liquid chromatography on an AKTA system. A Sephacryl S-300 16/60 HR gel filtration column (Amersham Biosciences) was used at a flow rate of 0.5 ml/min of a buffer containing 20 mM Tris-Cl, 80% cation, 100 M EDTA, 100 mM KCl, and 10% w/v glycerol at 4°C (final pH 7.8). The column was calibrated using Sigma Gel Filtration Molecular Weight Markers: blue dextran (2000 kDa), apoferritin (443 kDa), ␤-amylase (200 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). The blue dextran and carbonic anhydrase were run first; the other standards were run together in a separate run, both in a final volume of 500 l at the concentration recommended by the manufacturer. Approximately 3.6 mg of DdrB in 500 l were loaded in an independent run. The elution volume of blue dextran determined the void volume (V o ), and the total volume (V t ) was determined according to the dimensions of the column. The peak elution volumes (V e ) were calculated from the chromatogram, and fractional retentions, K av , were calculated using the equation:
. A standard curve was determined by plotting the K av of the protein standards against the log 10 molecular weight of the standards. The obtained curve regression analysis had an R 2 of 0.9989. The molecular weight of DdrB was approximated by comparing its K av value to the standard curve.
Limited Proteolysis of DdrB-To perform limited proteolysis, 1 mg/ml (48 M) DdrB was digested by 2 g/ml (74 nM) subtilisin (Sigma) in 20 mM Tris-Cl, 80% cation, 150 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol (final pH ϭ 7.8). Reactions were set at 21°C for times ranging from 0 to 120 min and quenched by addition of phenylmethylsulfonyl fluoride (Calbiochem) to a final concentration of 1 mM. Phenylmethylsulfonyl fluoride was added before the protease for the initial time point. The samples were then analyzed on a 17% SDS-PAGE gel. Part of the sample digested for 5 min was also analyzed by mass spectrometry using ESI-QTrap for precise mass determination of the corresponding polypeptides.
Electrophoretic Mobility Shift Assay-Fluorescent (5Ј-6FAM, OCN324) and standard (OCN325) 50-mer DNA or fluorescent 20-mer RNA (5Ј-6FAM, OCN345) oligonucleotides were ordered from IDT (Integrated DNA Technologies Inc.). The double-stranded DNA was obtained by annealing 10 M OCN324 with 10 M complementary oligonucleotide OCN325 in 20 mM Tris, 80% cation, 50 mM NaCl, 1 mM EDTA after heating to 90°C and slow cooling to room temperature. 50 M (in nucleotides) of the oligonucleotides was incubated with various concentrations of DdrB ranging from 10 nM to 10 M in 50 mM Tris-Cl, 80% cation (pH 7.8), 5 mM MgCl 2 , 20 mM KCl, and 3% glycerol for 10 min at 37°C ( Table 1) . The samples were then run on a 4% native PAGE for 2 h at 150 V at 4°C. The positions of the fluorescent oligonucleotides were analyzed using a Typhoon scanner (Amersham Biosciences).
Electron Microscopy-Carbon films, mounted on 400-mesh electron microscopy grids, were first activated by a brief glowdischarge treatment (21) . Activated grids were used immediately for spreading. Samples for electron microscopy were prepared by mixing DNA and the protein (either DdrB, E. coli SSB or D. radiodurans SSB). The experiment consisted of a 10-min preincubation with either 0.6 M DdrB and 6 M nucleotides M13mp18 circular single-stranded DNA (protein 1/10th concentration of nucleotides) at 30°C, or 1 M EcSSB and 10 M nucleotides M13mp18 circular single-stranded DNA (protein 1/10th concentration of nucleotides) at 37°C, or 0.5 M DrSSB and 10 M nucleotides M13mp18 circular single-stranded DNA (protein 1/20th concentration of nucleotides) at 37°C. The reaction mixture described above having the DdrB protein and the DNA was diluted 8 times with 150 mM NaCl, 10 mM Hepes 33% anion, and 10% glycerol (final pH 7.5). The reaction mixtures having EcSSB and DNA and the one having DrSSB and the DNA were spread undiluted.
An 8-l drop of each sample was immediately adsorbed to the activated carbon film for 3 min. The grid was then touched to a drop of 150 mM NaCl, 10 mM Hepes 33% anion, and 10% glycerol (final pH 7.5) followed by floating on a fresh drop of the same for 1 min. The sample was stained by touching to a drop of 5% uranyl acetate followed by floating on a fresh drop of the same solution for 30 s. Finally, the grid was washed by touching to a drop of double distilled water followed by immersion in two 10-ml beakers of double distilled water. After the sample was dried, it was rotary shadowed with platinum. This protocol is designed for visualization of complete reaction mixtures, and no attempt was made to remove unreacted material. Although this approach should yield results that give a true insight into reaction components, it does lead to samples with a high background of unbound proteins. The DNA molecules bound by proteins were compared at an identical magnification for each sample. Imaging and photography were carried out with a TECNAI G2 12 Twin Electron Microscope (FEI Co.) equipped with a GATAN 890 charge-coupled device camera. Digital images of the nucleoprotein filaments were taken at 67,000ϫ magnification. 
ATPase Assays-The E. coli and D. radiodurans RecA proteins were purified as described in a previous study (22) , D. radiodurans SSB was purified as described before (23), and E. coli SSB was purified as described (24) . The RecA ATPase reactions were made in 25 mM Tris acetate 91% cation (pH 7.5), 5% glycerol, 3 mM potassium glutamate, 10 mM magnesium acetate, 1 mM dithiothreitol (GoldBio), and 5 M (as total nucleotides) circular ssDNA from bacteriophage M13mp18 (7229 nucleotides) prepared as described in a previous study (25) . The reaction mixtures also contained an ATP regeneration system comprising 3 mM phospho(enol)pyruvic acid (Sigma), 1.5 mM NADH (Sigma), 10 units/ml pyruvate kinase (Sigma), and 10 units/ml of L-lactic dehydrogenase (Sigma). Where indicated, EcRecA and DrRecA were added at a concentration of 3 M. ATP (Sigma) at 3 mM was used to initiates the reactions. EcSSB, DrSSB, and DdrB were added at a concentration of 0.5 M. The reactions were carried out at 37°C and monitored by measuring the loss of NADH through the reading of A 380 nm using a Cary Bio 300 (Varian). The k cat values were calculated using the slopes of the curves representing the micromolar amount of ATP hydrolyzed (or micromolar NADH converted to NAD ϩ ) per minute, using ranges of time points where the linear regression R 2 has a value above 0.95 and assuming one RecA protein binds to three nucleotides. Each assay was at least repeated three times. 23, 26) . Multiple attempts to express the DdrB protein in E. coli overexpression strains failed. Only the Rosetta strain (Novagen) permitted a minimal expression of what appeared, after purification and mass spectrometry determination, to be a truncated version of DR0070 missing the first 11 amino acids (data not shown). That truncated version was 20.8 kDa instead of the expected 22.3 kDa, and its translation began at the second methionine of DR0070. Analysis of the DR0070 gene sequence allowed the identification of a D. radiodurans ribosomal binding site, AAGGAG (27) (28) (29) , at an optimal 8 nucleotides upstream the alternative initiation codon (Fig. 1A) . In addition, the 11 codons prior to the possible new start codon include three repetitions of the very rare E. coli arginine codon AGG, leading to the stalling of most translation events in E. coli. A BLAST search against public databases, using DdrB as the query, allowed the identification of only two proteins with significant similarity to DR0070: Dgeo0295 from Deinococcus geothermalis and Deide02990 from Deinococcus deserti, exhibiting 72 and 71% identity, respectively, with the truncated gene from D. radiodurans. Interestingly, the alignment of the proteins from the three Deinococcus species indicates that both D. geothermalis and D. deserti DdrB proteins have translation starts corresponding to the alternative (second) D. radiodurans DdrB methionine (Fig. 1B) . We cloned and overexpressed the DR0070 truncated version that will be referred to as DdrB hereafter (Fig. 2A) . This shorter DdrB version overexpressed extremely well in the Rosetta strain. We obtained an estimated 4 g of DdrB from 18 g of cell paste, repre- senting 22% of cell mass. Chicken polyclonal antibodies were raised against the purified DdrB protein and used against nonirradiated and irradiated wild-type and ⌬ddrB D. radiodurans cell extract separated on a 17% SDS-PAGE (Fig. 2B) . The Western blot revealed for the irradiated wild type a single reacting protein that shared the same size as the purified DdrB (Fig. 2C) . DdrB could not be detected in the non-irradiated wild-type, as well as in the deletion strain. Put together, these data indicate that the 20.8-kDa DdrB is the actual version expressed in D. radiodurans. The corrected ddrB nucleotide sequence data reported are available in the Third Party Annotation Section of the DDBJ/EMBL/GenBank TM databases under the accession number TPA: BK006794.
RESULTS

Re
DdrB Contains the Conserved SSB C Terminus Motif That Interacts with SSB Partners-Other than the other two DdrB genes described above, from bacterial species closely related to Deinococcus, the BLAST search using DdrB as a query uncovered few significant homologies except for one. There was a notable homology (48% similarity, 24% identity) over an extended region of 127 amino acid residues between DdrB and the C-terminal domain of the DnaE protein from Aurantimonas sp. SI85-9A1. The region in which the homology occurred corresponded to the oligonucleotide/oligosaccharide-binding domain (OB-fold) of the polymerase. OB-fold domains are commonly used by proteins to bind ssDNA (30) . Although the OB-fold structure is well conserved, the corresponding sequences diverge greatly between proteins and OB-folds can generally not be predicted from sequence analysis only (31) . DdrB is too small to be a polymerase. However, its size, 20.8 kDa, is similar to most bacterial SSB proteins (16, 32, 33) . We carried out more detailed data base searches with PSI-BLAST, but did not identify additional DdrB homologues. To further examine the potential SSB relationship, we compared the sequences of the DdrB proteins encoded by the three sequenced Deinococcus species with those of various bacterial SSB proteins (Fig. 3) . The alignments showed very little sequence conservation except for the last six amino acids. This conserved C terminus is significant, because this is the point of interaction between other bacterial SSBs and proteins involved in DNA metabolism. In the case of the E. coli SSB, 14 different interaction partners have been identified (15, 16) 
. The DdrB C-terminal motif ([ED]-EETPFϾ) differs slightly from the common SSB motif ([DE](3)-[ILPV]-PFϾ).
The three acidic residues are Glu in DdrB rather than the aspartate residues generally found in SSB. DdrB also includes a threonine residue where a hydrophobic residue is generally found in the SSB proteins. However the last two residues are perfectly conserved. The results reveal a relationship between the DdrB and SSB C termini, but also suggest that DdrB may have interaction partners that differ from those that presumably interact with the Deinococcus SSB protein. D. radiodurans DdrB also has a calculated pI of 8.9, differing from the typically acidic pI values for bacterial SSBs (5.59 for E. coli SSB and 5.48 for D. radiodurans SSB).
Limited Proteolysis Reveals a Stable Protein Core in DdrB
Corresponding to the Putative OB Fold-The alignment of the three DdrB proteins reveals a region between the putative OB-fold domain and the C-terminal motif that differs greatly between the three proteins (Fig. 4) . The variation contrasts strikingly with the good conservation observed in the other two regions of the protein. This observation indicates the possible presence of an unstructured flexible arm linking the C terminus interaction motif to the OB-fold core domain, as is observed for the SSB proteins (34) . To investigate that possibility, we performed limited proteolysis experiments. Gentle subtilisin treatments rapidly produced four similarly sized fragments with sizes ranging from 16.6 to 18.5 kDa (Fig. 4A) . Mass spectrometry analysis indicated that these fragments correspond to C-terminal truncation products with cleavage sites within the putative flexible arm (Fig. 4, B  and C ). An initial cleavage site removes the last 20 amino acids, and further incubation with the protease removes an additional 21 amino acids. The putative OB-fold core domain was quite resistant to further proteolysis treatments. This result is similar to what has been observed for the SSB proteins, where the C-terminal tail is more readily cleaved than the OB-fold domain (35, 36) , and indicates that DdrB possesses a similar structural organization.
DdrB Is a Pentamer-Single-stranded DNA-binding proteins (SSB/RPA) from the three domains of Life form multimeric structures exhibiting at least four OB-folds per stable oligomer (37, 38) . Most bacterial SSBs are tetramers of subunits containing a single OB-fold. However, the SSBs from the Deinococcus-Thermus genera constitute an exception and form homodimers of subunits containing two OB-folds (39) . To determine the oligomeric state of native DdrB in solution, the purified protein was analyzed by analytical ultracentrifugation and gel filtration.
The sedimentation equilibrium data were best described as a single species. The fitting parameters gave an average molecular mass of the protein complex in solution of 98.9 kDa. Surprisingly, the apparent molecular mass at three different concentrations is consistently close to five times that of calculated monomeric protein (20.8 kDa) indicating that DdrB forms a homogeneous population of pentamers under these conditions (Fig. 5A) .
The native molecular weight was also approximated using gel filtration analysis. The purified protein displayed a symmetrical elution peak indicating the presence of a single species corresponding to a fractional retention K av of 0.258 on our Sephacryl S-300 column (Fig. 5B) . Using a standard molecular mass curve generated for the column, this value corresponds to an apparent mass of 133 kDa. The native molecular mass approximation for DdrB under these conditions is 6.38 times that of the monomer (20.8 kDa) and 1.28 times what is expected from a pentamer. Because sedimentation equilibrium results correspond to a homogeneous population of pentamers, the results from the gel-filtration column suggest that the shape of DdrB deviates from that of the globular standards used for the calibration. In the same kind of gel-filtration experiment, both EcSSB and DrSSB displayed an apparent molecular mass of 1.3 times that of their respective multimeric structure (23) .
DdrB Specifically Binds to ssDNA-To assess whether DdrB can bind nucleic acids, we performed electrophoretic mobility shift assays using ssDNA, dsDNA, and ssRNA oligonucleotides. The ssDNA mobility was reduced by addition of DdrB at a ratio of 1 protein per 1000 nucleotides and higher, and was completely shifted at a ratio of 1 DdrB for 10 nucleotides (Fig. 6) . The ssRNA and dsDNA mobility was not significantly affected by even the highest tested DdrB concentrations, indicating that DdrB specifically interacts with single-stranded DNA.
We performed electron microscopy observations to compare the ssDNA-binding configuration of DdrB with that of SSB proteins from D. radiodurans and E. coli. Similar to the SSB proteins under these conditions, DdrB binds to the ssDNA in a coating that often resembles beads on a string (Fig. 7) . No partially coated DNA molecules could be observed.
DdrB Modulates the Formation of RecA Protein FilamentsThe bacterial recombinase RecA hydrolyzes ATP when it is bound to ssDNA. Thus it is possible to measure RecA binding to DNA by monitoring its ATPase activity (40, 41) . Following a slow nucleation step, the length of the RecA filament depends on the dynamic equilibrium between the filament elongation on one end and RecA dissociation from the other extremity. The SSB and RecA proteins compete with each other for accessing the ssDNA. In E. coli, the interactions between the two proteins are complex, because EcSSB-coated DNA restrains the EcRecA nucleation step but facilitates the elongation of an existing EcRecA filament by removing ssDNA sec- In the presence of ssDNA and ATP at 37°C, EcRecA hydrolyzes ATP with an average k cat of 11.4 min Ϫ1 (Fig. 8A) . If EcSSB or DrSSB is then added, the rate of ATP hydrolysis increases to a k cat close to 30 min Ϫ1 , confirming the positive effect of the presence of SSB proteins on EcRecA filament elongation. Interestingly, in the same conditions the two SSBs had a different effect on DrRecA activity (Fig. 8B) . The ATPase activity was initially increased from a k cat of 6.9 min Ϫ1 to k cat values of ϳ10 min Ϫ1 after addition of EcSSB and DrSSB. But later, the ATPase activity of DrRecA is slowly reduced to a k cat of Ͻ1.2 min Ϫ1 as the DrRecA is replaced by either SSB.
DdrB had essentially the same effect with both RecA proteins, enhancing the ATPase of the EcRecA and gradually inhibiting the ATPase of the DrRecA. Within these consistent patterns were quantitative differences. DdrB did not enhance ATP hydrolysis by EcRecA as much as the SSB proteins, yielding an average k cat of 24.8 min Ϫ1 . After a brief increase, the inhibitory effect of DdrB on DrRecA ATPase activity was very rapid. Thus DdrB might have a stronger affinity for ssDNA than SSB, mak-FIGURE 6. Electrophoretic mobility shift assay indicates DdrB binds to ssDNA. Increasing concentrations of DdrB from 10 nM to 10 M (corresponding to ratios of 1/5000 and 1/5 DdrB to total nucleotides, respectively) were incubated with 50 M nucleotides ssDNA, dsDNA, and ssRNA fluorescent oligonucleotides (Table 1 ) and loaded onto a 4% native PAGE. Only the ssDNA was significantly shifted by DdrB. FIGURE 7. Electron microscopy. DdrB (A) coats M13mp18 circular ssDNA similarly to D. radiodurans (B) and E. coli (C) SSB proteins. For all experiments, the protein (DdrB or SSB) was preincubated with circular ssDNA and prepared for electron microscopy as described under "Experimental Procedures." The bar represents 100 nm. ing it harder for RecA to replace it on the ssDNA. No ATP hydrolysis was observed from DdrB alone. Titration of the inhibitory effect of DdrB on DrRecA ATPase activity indicated a concentration-dependent inhibition mechanism (Fig. 9) . The rates of the DrRecA ATPase activity decreased proportionally to the concentration of DdrB, indicating that DdrB-coated ssDNA cannot be bound by DrRecA. However, where the SSB proteins appear to replace DrRecA after its dissociation from the ssDNA, DdrB seems to readily displace DrRecA from the ssDNA.
When 5 M ssDNA is present, the ATPase activity of DrRecA protein was completely suppressed when 600 nM DdrB protein was present. This indicates that DdrB saturates the ssDNA at a ratio of one DdrB monomer per 8.3 nucleotides, which corresponds to one pentamer per 42 nucleotides. This provides our first estimation of the ssDNA site binding size of the DdrB pentamer.
We also directly tested the ability of the RecA proteins to bind to SSB-or DdrB-coated ssDNA. After addition to the SSBcoated ssDNA, the EcRecA ATPase activity slowly increased to reach a k cat of 18.2 min Ϫ1 and 19.9 min Ϫ1 with EcSSB and DrSSB, respectively (Fig. 10A) . On DdrB-coated ssDNA, EcRecA took longer to reach a k cat of 12.8 min Ϫ1 , again suggesting that DdrB binds to ssDNA more tightly than the SSBs. As anticipated, DrRecA bound poorly to ssDNA coated by either the SSBs or DdrB, exhibiting k cat values of 1 min Ϫ1 or less (Fig. 10B) .
DISCUSSION
The DdrB protein of D. radiodurans is, structurally and functionally, an SSB-like protein. The protein exhibits a stable core structure with definable homology to a known OB-fold domain. This core is attached to a relatively unstructured linker that leads to a C terminus consistent with the key properties exhibited by the bacterial SSB C termini. The DdrB protein binds specifically and tightly to ssDNA. The architecture of the DdrBssDNA complex revealed by electron microscopy is consistent with that exhibited by bacterial SSBs. DdrB also affects the ATPase activity of two RecA proteins with patterns similar to the effects of bacterial SSBs. We thus conclude that D. radiodurans encodes an alternative SSB protein and expresses it in response to desiccation or exposure to high doses of ionizing radiation.
Given the central role played by bacterial SSBs in organizing processes of DNA metabolism (15, 16) , the presence of a new SSB during genome reconstitution could provide the cell with a unique and specific organizing center. Whereas the previously characterized D. radiodurans SSB is present and abundant during genome reconstitution (10) . 5 DdrB could interact with particular repair proteins, or direct the assembly of particular 5 S. Saveliev and M. M. Cox, unpublished data. repair complexes. DdrB is essentially undetectable in D. radiodurans cells prior to irradiation (11) (Fig. 2C) . In principle, the unique expression of DdrB during genome reconstitution could signal the presence of a novel DNA repair process.
The lack of striking sequence similarity with bacterial SSBs could reflect a long period of evolutionary divergence. Alternatively, DdrB may have arisen from an evolutionary convergence, with another protein evolving to serve the same function. Outside of the Deinococcaceae, there are no other close proteins yet present in databases. The DdrB protein may thus represent a new family of SSB proteins, so far limited to Deinococcus sp.
DdrB is the first bacterial SSB protein to exhibit a pentameric structure. A complete three-dimensional structure of the protein will be of interest. We presume that both the structure and the robust binding of the protein to ssDNA reflect its still-tobe-elucidated role in genome reconstitution.
